Summary. The genome of Rice grassy stunt virus (RGSV) consists of 6 ambisense RNA segments, among which RNAs 1, 2, 5 and 6 are equivalent to RNAs 1, 2, 3 and 4, respectively, of Rice stripe virus, the type species of the genus Tenuivirus. The RGSV 36-kDa nucleocapsid protein (N) is encoded on the complementary strand of RNA 5. Here, we studied accumulation of three nonstructural proteins, a 23-kDa p2 protein encoded on vRNA 2 (virus genomic strand), a 22-kDa p5 protein encoded on vRNA 5, and a 21-kDa p6 protein encoded on vRNA 6, from RGSV-infected rice leaf tissues and from viruliferous vector insects (brown planthopper, Nilaparvata lugens) by Western blot analyses. p2, p5 and p6 were detected from RGSV-infected rice leaf homogenates; p2 was detected mostly in the cytoplasmic soluble fraction but also a small amount was detected in the cell-wall, organelle-enriched and crude membrane fractions; p5 and p6 were detected from the cytoplasmic soluble fraction in large amounts. Among individual nymphs of N. lugens raised on RGSV-infected rice leaves, only 20% of insects were positive with the N protein. A large amount of p5 was detected from all the N-positive insects. Small amounts of p2 and p6 were detected only from a subset of the Nand p5-positive insects. p5 may have an essential role in virus infection in both plant and insect hosts, whereas p2 may function in plants such as a cell-to-cell movement protein.
Introduction
Rice grassy stunt virus (RGSV) is a member of the genus Tenuivirus, which consists of 6 members with Rice stripe virus (RSV) as the type species [11] . All tenuiviruses infect gramineous plants and are transmitted by delphacid planthoppers in a persistent manner [4] . RGSV infects rice plants (Oryza sativa L.) in East, Southeast, and South Asian countries and causes short plants with an increased number of tillers [8] . The virus replicates in and is transmitted by a brown planthopper, Nilaparvata lugens Stal [9] . RGSV is different from other tenuiviruses in possessing 6 ambisense RNA segments [14, 18, 19] , among which RNAs 1, 2, 5 and 6 are equivalent to RSV RNAs 1, 2, 3 and 4, respectively, and RGSV RNAs 3 and 4 are unique in this genus. RNA 1 of RSV and all other tenuiviruses except RGSV is negative sense and encodes only a large RNAdependent RNA polymerase (RdRp) on the complementary strand (cRNA 1), while RNA 1 of RGSV is ambisense and contains in addition a small open reading frame on the viral strand (vRNA 1) [14, 19] .
Thus, tenuivirus genome encodes at least 7 proteins; one on cRNA 1 and two each on 3 other ambisense RNA segments. Among those proteins, only the functions of the 339-kDa RdRp encoded on cRNA 1 and the 35 ∼ 36-kDa nucleocapsid protein (N) encoded on cRNA 3 (cRNA 5 in the case of RGSV) are known. The virions are thin filamentous ribonucleoprotein (RNP) particles 3-10 nm in diameter consisting of vRNA, cRNA, N proteins, and a few molecules per particle of RdRp [11] . A 94-kDa protein encoded on cRNA 2 is hypothesized to be a membrane protein [3] but enveloped virions have not been observed in tenuivirusinfected plants or insects by electron microscopy [4] . A 21-kDa p6 protein encoded on RGSV vRNA 6 and a 20-kDa protein encoded on vRNA 4 of Maize stripe virus (MSpV) have been shown to be expressed in infected plants and form cytoplasmic inclusion bodies, but they have not been detected in the vector insects [5, 12] . Otherwise, expression and functions of other proteins are not yet known.
In this study, we examined expression of a 23-kDa p2 protein (vRNA 2), a 22-kDa p5 protein (vRNA 5) and a 21-kDa p6 protein (vRNA 6) in RGSV-infected rice leaves and individual viruliferous brown planthoppers, using antisera newly prepared against p2 or p5 proteins expressed in Escherichia coli cells as GSTfusion proteins and those against RNP and p6 prepared previously [9, 12] . Our result showed that large amounts of p5 accumulate in both infected rice leaf tissues and viruliferous insects, but only minor amounts of p2 could be detected in infected leaves and in some infected insects. The 21-kDa p6 protein was also detected in a subset of infected insects. We speculate that p2 may function in rice plants in cell-to-cell movement, whereas p5 may have an essential role in virus infection in both plant and insect hosts.
Materials and methods

RGSV-infected rice plants and brown planthopper
A South Cotabato isolate of RGSV has been maintained in rice plants (O. sativa L. var. TN-1) in a greenhouse at the International Rice Research Institute, the Philippines, since 1989 [13] . 
Antisera against RGSV p2, p5, p6 and RNP
The entire p2-coding region was amplified using a set of primers TG53 and TG54 (Table 1) and Taq DNA polymerase (Type Ex, TaKaRa, Japan) from a cDNA clone containing the p2 gene constructed previously [14] . PCR product was digested with BamHI and XhoI and the 0.6-kb fragment was cloned into BamHI/XhoI-digested pGEX6P-1 plasmid (Amersham Pharmacia Biotech, UK) so that the p2 gene could be expressed in E. coli cells (strain MC1061) to form a 49-kDa glutathione-S-transferase (GST):p2 fusion protein. Similarly, the entire p5-coding region was amplified using primers TG55 and TG56 (Table 1) and Taq DNA polymerase from a cDNA clone containing the p5 gene. PCR product was digested with BamHI and XhoI and the 0.57-kb fragment was cloned into BamHI/XhoI-digested pGEX6P-1 to express a 48-kDa GST:p5 fusion protein in transformed E. coli cells. Expression of GST-fusion proteins in transformed E. coli cells was induced by addition of isopropyl-thiogalactoside to 1 mM in a liquid culture based on the manufacturer's protocol. Both the 49-kDa GST:p2 and the 48-kDa GST:p5 proteins were isolated from E. coli cells as insoluble inclusion bodies using B-PER (Pierce, U.S.A.), denatured in the 1 × sample buffer (SB; 50 mM Tris-HCl, pH 9.0, 2% SDS, 15% sucrose, 5% 2-mercaptoethanol) at 95 • C for 3 min, and run in a 7.5% SDS-PAGE gel [10] . After electrophoresis, the gel was immersed in 0.25 M KCl, 1 mM DTT for 5 min on ice and the bands corresponding to the fusion proteins were excised with a razor. The fusion proteins were eluted from the excised gel [7] , and concentrated using a Vivapore concentrator (Vivascience, U.S.A.) to 1 mg/ml. Antisera were prepared in rabbits using 2 mg of proteins in total for each antigen at Sawady Technology, Japan. Antisera against the SDS-PAGE gel-purified RGSV p6 and against sucrose-densitygradient-purified RGSV RNP particles were described previously [9, 12] .
Protein sample preparations from RGSV-infected rice leaves and viruliferous vector insects for Western blot analysis
(i) Total rice leaf proteins. One gram of RGSV-infected rice leaf tissue was homogenized in 5 ml of 10 mM Tris-HCl, pH 7.5, 1 mM EDTA containing 10 mM 2-mercaptoethanol in a mortar and pestle on ice. The sap was mixed with the same volume of 2 × SB and heated at 95 • C for 3 min, followed by centrifugation at 10,000 g for 3 min. Ten µl of the supernatant, containing proteins from 1 mg tissue, was loaded per lane in a 12.5% SDS-PAGE gel. (ii) Subcellular fractionation of proteins from rice leaf tissues. One gram of tissue was ground to powder in liquid nitrogen in a mortar and pestle. The powder was mixed and homogenized in 5 ml of ice cold grinding buffer (0.1 M Tris-HCl, pH 7.5, 10 mM KCl, 5 mM MgCl 2 , 0.4 M sucrose, 10% glycerol, 10 mM 2-mercaptoethanol). The slurry was filtered through four layers of gauze to separate the crude cell wall debris from the 2294 P. Chomchan et al.
filtrate (F1). The cell wall debris was washed once with 10 ml of grinding buffer and twice with 10 ml of grinding buffer containing 2% Triton X-100 by filtration and the wash filtrates discarded. Cell debris was collected from the gauze and suspended in 10 ml of 1 × SB (CW; cell-wall enriched fraction). The first filtrate (F1) was centrifuged at 1000 g for 10 min to give a supernatant (S1) and a pellet (P1). The pellet was washed three times with 10 ml of grinding buffer, separated from the wash solutions by centrifugation, and resuspended in 10 ml of 1 × SB (P1; organelle-enriched fraction). The S1 supernatant was centrifuged at 30,000 g for 30 min and the supernatant (5 ml) was mixed with an equal volume of 2 × SB to give S30 (the soluble fraction). The pellet (P30) was washed by centrifugation three times with 10 ml of grinding buffer and the final pellet was resuspended in 10 ml 1 × SB (P30; crude membrane fraction). Samples were heated at 95 • C for 3 min and the P1 sample was centrifuged at 10,000 g to remove residual insoluble cell debris. Five µl of each sample, corresponding to 0.5 mg of tissue, were loaded onto 12.5% SDS-PAGE gels. (iii) Brown planthopper proteins. Nymphs of brown planthoppers, N. lugens Stal, raised on RGSV-infected rice plants were collected as described elsewhere [13] and kept on dry ice or at −70 • C until grinding. Individual nymphs were ground in 100 µl of 1 × SB containing 5% 2-mercaptoethanol in the presence of proteinase inhibitors (145 mM Bebzamidine, 0.37 mg/ml Aprotinin, 0.1 mg/ml Pepstatin, and 0.03 mM Leupeptin, Boehringer, Germany), and heated at 95 • C for 3 min, followed by centrifugation at 13,000 rpm for 5 min. Five µl of the supernatant (1/20-part of a nymph) was subjected to a 12.5% SDS-PAGE gel.
SDS-PAGE and Western blot analysis
Protein samples were electrophoresed in a 12.5% SDS-PAGE gel as described by Laemmli [10] . Western blot analysis was done as described previously using colorimetric method [16, 17] . For detection of specific proteins from insect homogenates, heparin was added in the antibody dilution buffer at 5 units/ml to reduce nonspecific reaction [1] .
Results
Detection of p2, p5, p6 and N proteins in unfractioned extracts from RGSV-infected rice leaf tissues
It was previously reported that N and p6 proteins are readily detectable in homogenates of RGSV-infected rice leaf tissue by the ELISA assay [12] . Therefore, we used detection of N and p6 as the positive controls for infection of rice plants by RGSV. Both N and p6 could be readily detected by Western blot from our RGSV-infected leaves using an antiserum prepared against purified RNP particles (presumably primarily anti-N) and a second antiserum prepared against p6 protein purified by SDS-PAGE (anti-p6), respectively ( Fig. 1A lane 2 , and 1B lane 2). In addition, there was also a distinct band with ∼ 100 kDa detected by the antiserum against purified RNP as indicated with an asterisk in lane 2 of Fig. 1A . Since this band was not detectable in homogenates of healthy leaves (Fig. 1A, lane 1) , it must be specific for RGSV infection. From its migration rate in the gel, it could be a trimer of N or perhaps the 94-kDa protein encoded on cRNA 2 that could have been present in the sucrose-gradient purified RNP particles used as the immunogen. Before our studies neither p2 nor p5 had been detected in tenuivirus-infected plants. However, Fig. 1C shows that p2 can be specifically detected in homogenates of RGSV-infected rice leaves. Using anti-p5 antiserum, a major band of 22 kDa was detected in total protein extracts from the RGSV-infected material ( Fig. 1D  lane 2) . In addition, there were one or two minor bands above the major band which may represent modified forms of p5. The nature of such modifications is unclear, however, since treatment of the homogenates with alkaline phosphatase did not alter the migration profile, ruling out phosphorylation, and no regular glycosylation sites were found in the amino acid sequence of p5. Anti-p5 antibody did not react with purified p6 by Western blot analysis (data not shown), indicating that the upper band is not p6.
Subcellular localization of p2, p5, p6 and N proteins in RGSV-infected rice cells
RGSV-infected rice leaf tissues were separated into four subcellular fractions by filtration and differential centrifugation; These are the cell-wall fraction (CW), the organelle-enriched fraction (P1), the crude-membrane fraction (P30), and the soluble fraction (S30). Proteins in the four fractions were run on 12.5% SDS-PAGE gels, transferred to nitrocellulose membranes, and probed with antisera against RNP, p2, p5, and p6, individually. The Western blots of these gels are shown in Fig. 2 . N protein was present in the S30 fraction in large amounts and in lesser amounts in the P1 and the P30 fractions, but was barely detectable in the CW fraction ( Fig. 2A) . p6 was detected only in the S30 fraction (Fig. 2B) . A modest amount of p2 was detected mostly in the S30 fraction, and minor amounts of p2 were detectable in the CW and P1 fractions (Fig. 2C) . Large amounts of p5 were present in the S30 fraction and lesser amounts were detected in P1 and P30 fractions. p5 could not be detected in the CW fraction (Fig. 2D) . Thus, it is noteworthy that p2 and N proteins were the only viral proteins clearly detected in the CW fraction.
Detection of p2, p5, p6 and N proteins in homogenates of brown planthoppers raised on RGSV-infected rice leaves
Single nymphs of brown planthoppers were homogenized individually in 100 µl of 1 × SB, and 5 µl samples were subjected to SDS-PAGE and Western blotting. N protein was detected from 6 out of 30 individual insect homogenates, one of which is shown in Fig. 3A , lane 2. Therefore, only 20% of the brown planthopper population used in this study may be actively replicating RGSV. This result is consistent with the rate of RGSV transmission by brown planthoppers raised on RGSVinfected rice leaves (G. J. Miranda, unpublished result). All six N-positive insects were also strongly positive for p5 by Western blot analysis (Fig. 3D, lane 2) . p6 was weakly but clearly detected in two out of six N-and p5-positive homogenates (Fig. 3B, lane 2) , contradictory to the previously published results [5, 12] . p2 
Discussion
Viruses infecting higher plants should have genes at least for genome replication, encapsidation, and movement through a thick cell wall. In tenuiviruses, a minimum set of 7 proteins encoded on the RSV genome should have all those functions in addition to those required for infection of and replication in a vector planthopper. In the case of RGSV, 5 additional proteins are present in 6 ambisense RNAs. However, expression of tenuivirus proteins in host plants and insects has not yet been described in detail. Before this study, only the 339-kDa RdRp encoded on cRNA 1, the 35 ∼ 36-kDa N encoded on cRNA 3 (cRNA 5 of RGSV), and the 21-kDa p6 encoded on RGSV vRNA 6 or the 20-kDa protein encoded on MSpV vRNA 4 had been shown to be expressed in infected rice plants. RGSV p6 and the equivalent protein of MSpV could not be detected in infected planthopper homogenates [5, 12] . In this study, we showed that the 23-kDa p2, the 22-kDa p5 and the 21-kDa p6 proteins were expressed in RGSV-infected rice leaves and in viruliferous brown planthoppers. p5 was expressed at a high level as was N in both infected rice plants and viruliferous insects, suggesting that p5 has an essential role in virus infection in both hosts.
Detection of p2 in cell-wall fraction of infected rice leaf tissue
In plant cells, p2 was detected mostly in the S30 soluble fraction but a minor amount was also present in the cell wall fraction, which was extensively washed to remove weakly bound or contaminating proteins, and in the P1 fraction. Under the same conditions, N, p5 and p6, all of which were abundantly present in the S30 fraction, could not be or barely be detected in the cell wall fraction. p2 was also detectable from some but not all individual insects positive for N (viruliferous). Although these results are not sufficient to define its function, we can speculate that p2 may be more stringently required for replication in plants than in insects. Since p2 was detectable in the cell wall fraction with a minor amount of N, one possibility is that p2 functions in cell-to-cell movement of the genome, which is essential for systemic infection by plant viruses. The movement protein of tobacco mosaic virus and cucumber mosaic virus was primarily detected in a cell wallenriched fraction [2, 20] . Also in the case of grapevine viruses A and B, putative movement proteins accumulated in all plant fractions, but mostly in a cell wallenriched fraction [15] . Thus, p2 has a subcellular localization similar to that of movement proteins of number of other plant viruses [6] .
p5 may be essentially required for infection of both plants and insects
As shown in Fig. 1D , RGSV p5 was expressed and accumulated at high levels in RGSV-infected rice cells. In addition, p5 was detected in all RGSV-infected insects together with N ( Fig. 3A and D) . On the other hand, p6 could be readily detected in infected rice leaf tissues, but was detected much less frequently from infected insects. In previous published reports, p6 proteins of RGSV and MSpV could not be detected in viruliferous planthopper homogenates [5, 12] . In this study, we included four different types of proteinase inhibitors in the grinding buffer and individual insects, rather than a pool of insects, were homogenized carefully on ice. The sample was immediately denatured with SDS in the presence of 2-mercaptoethanol and subjected to SDS-PAGE. Both p2 and p6 are likely to be expressed in infected insect bodies but may be rapidly degraded in insect cytoplasm or during sample preparation. On the contrary, p5 appears to be stable and accumulates in the infected insect bodies. Therefore, we hypothesize that p5 is an essential protein in RGSV life cycle, both in infected rice plants and in viruliferous insects.
